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(MSSM) is an interesting and widely-studied candidate of the dark matter, the p-wave suppression 
of its annihilation cross section requires fine-tunings of the MSSM spectra to be consistent with 
Wilkinson Microwave Anisotropy Probe (WMAP) observations. We propose a pseudo-Dirac bino 



i-C ' that arises in theories with D-type super symmetry-breaking as an intriguing alternative candidate 

of dark matter. The pseudo-Dirac nature of the bino gives a natural mechanism of enhanced 
, co-annihilation because these two states are degenerate in the absence of electroweak symmetry 



breaking. In addition, the lightest state can be consistent with limits of direct detection experiments 
because of the lack of vector interactions, as with the case of the MSSM bino. 
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I. INTRODUCTION 



The existence of dark matter is one of the direct evidences of physics beyond the stan- 
dard model (SM), and supersymmetry (SUSY) is a strong candidate of such new physics. 
One the many virtues of the minimal supersymmetric Standard Model (MSSM) is that the 
lightest superpartner can serve as dark matter of the Universe. The lightest neutralino of 
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the MSSM is an interesting and widely-explored candidate of dark matter 
and references therein). Because of electroweak symmetry breaking (EWSB), the lightest 
neutralino, Xi? is linear combination of the bino (Ai), the wino (A2), and the Higgsinos 
{Hu,d)- Expressing Xi as 

Xi = ZiiXi + Z12A2 + ZisHd + Zi^Hu, (1) 

where Zij are elements of the transformation matrix that diagonalizes the MSSM neutralino 
mass matrix, there are several important limits of interest. In the Higgsino-dominated 
(Zi3 ^ Zi4 ^ Zii, Zyi) and the wino-dominated [Zyi ^ Zn, Z13, Z14) limits, Xi is typically 
nearly degenerate with either the charged Higgsinos and/or the charged winos, and the 
efficient self- and co-annihilation processes leads to a relic density that is less than the 
WMAP observation [Sj 

fi/i^ = 0.1195 ±0.0094. (2) 

On the other hand, in the bino-dominated limit (Zn ^ Z12, ^13, .2^14), the annihilation cross 
section is p-wave suppressed, and bino relic density is typically higher than the WMAP 
observation. 

For the relic density of Xi to be consistent with current observations, there typically 
requires fine-tunings of the MSSM spectra such that one or more of the following occurs (9(]: 

• Enhanced co-annihilation between x5 aiid another superpartner, typically the s-tau 
(f), when these two states are tuned to be nearly degenerate on the order of 1%. 

• Enhanced s-channel resonance in the Xi annihilation cross section when the mass of 
one of the Higgs bosons is tuned to be close to twice the mass of Xi- 

• Enhanced annihilation cross section from the wino/Higgsino mixture of x? and en- 
hanced co-annihilation of the charginos when either the mass of the winos (both neu- 



tral and charged) or the Higgsinos (both neutral and charged) is tuned to be close to 



the bino mass 



io|. 



The root of the problem is the p-wave suppression of the bino annihilation cross section 
due to the Majorana nature of the bino. On the other hand, Dirac particles carrying SU{2) l 
or f/(l)y quantum numbers such as the Kaluza-Klein (KK) neutrino of the minimal universal 
extra dimension model llj 12| are typically ruled out as dark matter by direct detection 
experiments such the Cryogenic Dark Matter Search (CDMS II) [3] and the XENONIO Dark 
Matter Experiment [l^ . (For models where Dirac particles serve as viable dark matter, see 



Refs. 



15| 161].) We would like a natural mechanism that enhances the annihilation cross 



section, and at the same time, is consistent with the bounds of direct detection. The pseudo- 
Dirac bino is one such example. Pseudo-Dirac bino may arise in models of D-type SUSY- 
breaking. However, existing models 17|] predict a heavy pseudo-Dirac bino with masses at 
least of the order of 1 TeV. In this paper, we consider pseudo-Dirac bino as a candidate of 
dark matter. Without effects of EWSB, the bino is a Dirac particle whose annihilation cross 
section is not p-wave suppressed and can naturally lead to observed relic density. When 
EWSB effects are considered, the Dirac bino splits into two nearly-degenerate Majorana 
states, and the annihilation of the lightest state is enhanced by co-annihilation between the 
these two nearly-degenerate bino states. On the other hand, the masses of these two states 
are separated by a few GeV's while the scale of momentum transfer in direct detection 
experiments is of the order of keV's. Therefore, the direct detection experiments is only 
sensitive to the lightest, Majorana, state whose cross section with nuclei is suppressed due 
to the lack of vector-current interactions. It is worth pointing out that this mechanism of 
suppressing the rates of direct detection operates as long as the splitting is larger than 10s 
of keV's, and is not limited to the splitting of a few GeV's (which happens to be our case 
here). For a similar idea involving the sneutrino as dark matter, see Reference 18 1. 

In this paper we take a phenomenological approach, without appealing to a complete 
framework, and perform a simplified analysis of the relic density and direct detection rates 
of pseudo-Dirac bino dark matter. In Section [ITl we describe the relevant ingredients of 
D-type SUSY-breaking that lead to the pseudo-Dirac bino as dark matter. In Section IIIIl 
we calculate the relic density and direct detection rates of pure-Dirac and pseudo-Dirac bino 
dark matter, and compare the results to those in MSSM. Finally, we summarize our results 
in Section HVl 
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II. D-TYPE GUAGE MEDIATED SUPERSYMMETRY BREAKING MODEL 



We assume that SUSY-breaking originates in a hidden sector that contains a gauged 
U{l)x group that develops a non-zero {Dx), as well as non-zero (Fy) for some field(s) Y 
that may or may not be charged under the U{l)x group (but neutral under SM gauge 
group). In general, both (Dx) and (Fy) are communicated to the visible MSSM sector. 
Upon integrating out the messengers at the mass scale M, the Majorana gaugino masses 
are generated through the effective operator 



where Wa is the chiral superfield containing the MSSM gaugino and gauge bosons, while 
MSSM scalar masses are generated through the effective operator 



In our phenomenological approach, we assume that Y is charged under U{l)x, and thus 
the effective operator of Eq. ([3]) is not generated, while MSSM scalar soft masses are still 
generated through the operator in Eq. (jlj). This can be achieved, for example, by the charge 
assignments of the messengers and the hidden sector particle content under the U{l)x 
gauge group. Although this does not solve the flavor problem of the MSSM, we will take 
this as our starting point for the purpose of discussing pseudo-Dirac bino as dark matter. 
With the above assumptions of SUSY-breaking, the gauginos of the MSSM receive Dirac 
masses rather than Majorana masses. As a Dirac fermion contains more degrees of freedom 
than a Majorana fermion, additional fermionic states (the gaugino partners, denoted by C,) 
that transform as adjoints of the SM group must be introduced. Supersymmetry (SUSY) 
then requires additional bosonic states (the s-gaugino, denoted by 77) that also transform as 
adjoints of the SM group. The effective operator obtained by integrating out the messengers 
that gives a Dirac gaugino mass is 



where M is the mass scale of the messengers, and S is a chiral superfield containing 77 and 
C,. We can forbid Majorana masses for the gaugino partners of the form 




(3) 




(4) 




(5) 




(6) 
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by f/(l)_R symmetry that assigns the vector superfields Wa and Xa to have U{1)r charge 
of +1 and H to have a zero U{1)r charge. Since the superpotential needs to have a U{1)r 
charge of +2, the effective operator of Eq. is allowed by U{1)r, while the operator of 
Eq. is forbidden. We assume that the Dirac gaugino masses and the soft scalar masses 
(for both the MSSM superpartners and the s-gaugino) are all of the same scale of the order 
1 TeV. Since the gaugino partners are odd under matter-parity, an immediate interesting 
consequence of D-type SUSY-breaking models is that the s-gauginos are even under matter- 
parity and could be singly produced at the Large Hadron Collider (LHC). 

Dirac gaugino masses are super-soft, and do not enter the renormalization group equations 
(RGEs) of the scalar soft masses. Ignoring all Yukawa couplings except for the top Yukawa 
coupling, the RGEs of all the soft s-fermion masses (except for the s-top masses) vanish at 
one-loop. The dominant two-loop contributions to the RGEs involve and are negative. 
Thus, if the soft masses are unified at the grand unified theory (GUT) scale, we would have 
a compact (compared to the typical models of SUSY-breaking such as gauge- and anomaly- 
mediated SUSY breaking) and inverted spectra with sleptons heavier than the squarks. In 
particular, the s-top would be the lightest sfermion and its mass can be approach current 
experimental bounds (m^ > 300 GeV) without s-leptons violating current experimental 
bounds (m^- > 100 GeV). Such spectra of D-type SUSY-breaking are very distinct from 
the typical MSSM spectra obtained by gauge-mediated supersymmetry breaking and other 
generic models of SUSY-breaking. 

There are no trilinear soft terms in models of D-type SUSY-breaking, and the s-top 
masses can be as light as 400 GeV. While this may potentially solve the little hierarchy 
problem, where large radiative corrections to the soft Higgs mass requires a fine-tuning 
of a few percent to achieve successful EWSB, large mj and/or At are needed for the mass 
of the lightest CP-even boson to satisfy the CERN LEP bounds [3] of m,, > 114.4 GeV. 
Since we do not offer a complete model, we here give only a few remarks about EWSB with 
D-type SUSY-breaking. 

One possibility of having successful EWSB is to extend the Higgs sector with an additional 
singlet chiral superfield, S, with the superpotential 

AW = XSH^H, + '^S^ (7) 

that replaces the AW = fiHuHd term in the MSSM superpotential. While this superpoten- 
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tial of Eq. ([7]) is same as that of next-to- minimal supersymmetric Standard Model (NMSSM), 
unlike the typical NMSSM scenarios, we do not have trilinear SUSY-breaking terms in the 
potential. Instead, we include terms 

A/: = Bh{HuH^ + h.c.) + Bs{S^ + h.c), (8) 

and still achieve successful EWSB with a lightest CP-even boson that satisfies the LEP2 
bounds. It is worth emphasizing that, unless the fermionic component of S, the singletino 
(s), mixes significantly with the bino, our following analysis does not depend on the existence 
the chiral superfield S. 

III. PSEUDO-DIRAC BINO DARK MATTER 

The mass matrix of the neutral neutralino in a D-type SUSY-breaking scenario in the 
basis (Ai A2 6 Hu s) is 
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(9) 



where Mi 2 are the Dirac bino and wino mass, respectively. The gauge couplings of U{1)y 
and SU{2)l SM gauge groups are denoted by and (72, respectively, Vu,d = {Hu,d), and 
H = y/2 X{S). Since we are interested in the bino-dominated limit, we will assume that 
7712, n > ^i- To simplify our analysis, we will also make these following three assumptions. 

• First, the mass of the lightest bino state is smaller than the mass of the H^-boson, 
My/, SO the only possible annihilation products are fermion-antifermion pairs. While 
the annihilation channels into the gauge and the Higgs bosons can be important for 
wino- and Higgsino-dominated x? of the MSSM, the fermion-antifermion annihilation 
channels dominate the total annihilation cross section in the bino-dominated x? even 
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when the gauge boson annihilation channels are kinematically allowed [2] • For the D- 
type SUSY-breaking scenario, we will simply assume this and postpone the verification 
of this assumption in a later study. 

• Second, we assume that Mi, M2 and fi are all positive. While the relative signs 
and phases of these parameters are important when making a detailed study, we will 
assume this simple case. 

• Third, the matrix has the hierarchy 

yu > mi ~ m2 ~ Vu,d, (10) 

so we can expand in fi~^ and keep the lowest terms. However, we do not assume that 
mi and m2 are nearly-degenerate, so there are no co-annihilation contributions from 
the charged winos. 

With these three assumptions, we first compute the relic density in the limit of pure 
Dirac bino 00), and then compute the corrections induced by EWSB to first-order in 

the effects of EWSB and We then compute the direct detection cross section of pure- 
and pseudo-Dirac bino to the same order. 



A. Relic density in the pure Dirac bino limit 

In the limit of large /i, the Higgsinos and the singletino decouple and the lightest neu- 
tralino state is a pure Dirac bino. In terms of two-component Weyl spinors, we have the 
following Lagrangian of the Dirac bino mass and bino-fermion-sfermion interactions 

AC = ~V2g^Y^i\,q^ql + Alg^gJ - ^/2g^Y^{\^q;[q; + >^WQn) - M,{X,Xi + \lx\), (H) 

where and are two-component SM fermion with hypercharge Yl and Ya, respectively. 
We define the Dirac spinors 

and the projection operators 
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We can then rewrite the Lagrangian in terms of the Dirac spinors 

L = -V2g^Y^(D' P^Qql + QP^D'qL) - V2g^Y^,(DP^Qql + QP^Dq^) - M{DD. (14) 



Integrating out the sfermions we obtain the effective four-fermion interactions 

= -J^(D'p,Q){QPnD') + J^[DP^Q){QP^D). (15) 

Applying Fierz transformation, we obtain 

= 3-^(D'rP,D')(Qj,P,Q) + ^(DrPnD)iQj,P,Q), (16) 

which will be useful when we compute the direct-detection rate in the limit of pure Dirac 
bino dark matter. 

From the effective interactions of Eqs. f|T5|) and (|T6l) . we have the thermal-averaged an- 
nihilation cross section 

<^(^-7/H^4?i:^(i-(|^)). 

where v is the relative velocity of the annihilating binos and the summation sums over all 
the fermions of the SM except for the top quark, Ni is the color factor (A^ = 3 for quarks 
and = 1 for leptons), and T is the temperature of Dirac bino. Since this annihilation 
cross section is not p-wave suppressed, it is a good approximation to keep the leading, 
temperature-independent, contribution, as we have done here. The relic density of the pure 
Dirac bino is then given by [20| 

W,^ = x_10-" GeV-^ 

Va: HDD ^ //)'(,) 

where = 96 is the number of relativistic degrees of freedom at the freeze-out temperature 
Tp, and xp = Mi/Tp. Also, in Eq. (fT8|) . we have included a factor of 2 to account for 
the relic density of both the particle and the antiparticle, as explained in the Appendix of 
Ref. 0- 

In general, the freeze-out temperature of species A with mass Ma is given by 



iteratively solving the formula 
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where (Ia is the degrees of freedom of A, and {(t{AA — > XX)vf) is the thermal-averaged 
cross section evaluated at the freeze-out temperature 

{a{AA XX)vf) = {(t{AA XX)v)\t^Tf. (20) 

As a comparison, the relic density of a pure Majorana bino in the MSSM is (see Reference 
[lol |. for example) 

^ ,i^8,7x lO-n_GeV-^ 
^. {a{BB ^ //)kf> 

where 

(aB^t;^) = — Va^.F/— with r. = (22) 

\ ^/ 2iT ^ ^ ^ M?(l + r/)%ir' ^ M?' ^ ^ 

is the thermal-averaged annihilation cross section evaluated at the freeze-out temperature 
Tp, which can be solved from Eq. f|T9|) . 

In Figure [H we plot Eqs. (fT8|) and (!2T|) as functions of a common scalar soft mass M^usy, 



22] as checks for sample spectra 



as well as the relic density calculated by MicrOMEGAs 2.0 
that approach the bino-dominated limit. Although neither results are consistent with the 
WMAP observational bounds of Eq. ([2]), we see that the relic density of a pure Dirac bino is 
smaller by roughly a factor of 4 compared to that of the Majorana bino, and there may be 
less fine tuning in the D-type SUSY breaking models than the MSSM to obtain the observed 
relic density of dark matter. 



B. Relic density of pseudo-Dirac bino 

Because of EWSB contributions, the D-type SUSY-breaking spectra has a pseudo-Dirac 
bino consisting of two nearly-degenerate bino states when /x ^ Mi,M2. Expanding the 
effective bino mass matrix to order 0{fi^^), we have 

-M.„o =\'^'' M , (23) 



giving the mass eigenstates 



Ml 



X?,2 = ^(AiTei), (24) 
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FIG. 1: The relic densities O/i^ of pure Dirac (lower line) and Majorana (upper line) bino as a 
function of a common sfermion mass Msusy- The dots on top of the upper line are computed using 
MicrOMEGAs 2.0 with spectra whose Xi is mostly the Majorana bino. 



with masses 



|M,oJ=M,T^, (25) 



where we have used the assumption that Mi > 0. The gauge interactions of Eq. (1141) can 
now be written as 

AC = -gYYj^{xiqi.ql + xUIqi.) - ^y>"h,(XiMr + xI^^^r) 

- gYY^{ix2qi.ql - ixUlQi.) - fi'Y>^R(^X2g;"gR - ixlo^^Qn), (26) 

where we have made a rotation X2 iX2 so that its mass appears in the Lagrangian with a 
positive sign. Up to a factor of \/2 in the couplings, both Xi and X2 have the interactions 
similar to the bino of the MSSM. 

Integrating out the s-fermions, we have the effective Lagrangian 

= [(^iP,Q)(QPn^l) + (^2Pi.Q)(QPnAf2) 

Ql 

-i{JfiP,Q){QPM) + iQ^2P^Q){QPM] 
+ ^ WiPnQ){QPM + Q^2P^Q){QP.M2) 

Qr 

-t{JfiP^Q){QP^M2) + tQ72PnQ)(QP^Mi)\ , (27) 
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where Mi (for i = 1, 2) are the four-component Majorana spinor 

^.(-). m 

Although x'j' is the hghtest state, it is nearly degenerate with X2 with a fractional mass 
difference of 

M^o 2Mi/i' ^ ' 

so the difference in masses between x% ^^nd x? is naturally only a few GeV's. (For example, 
A = 0.04 for Ml = 75 GeV, = 500 GeV, and tan (3 = 5.) The relic density now depends 
on processes involving ^is X2 be abundant when Xi freezes out [2^. In particular, 
we have to consider the self- and co- annihilation processes involving X2 addition to the 
self annihilation of Xi- 

Since Xi 2 have interactions similar to the Majorana bino of the MSSM up to a factor in 
the couplings, their self annihilation cross sections are of the same form as Eq. fl22|) 



^(XiXi^//) = ^E^/^/ M;(l + n,)^ "- n/ = ^, (30) 

with a similar formula for the annihilation of X2- As with the case of the MSSM bino, the self 
annihilation cross sections of both Xi and Xi are p-wave suppressed when thermal-averaged. 
The co-annihilation cross section is given by 

^ixhl - 7f)v = ^(M,o + M,o)^ J2 ^/^- (31) 

Note that this cross section reduces to the annihilation cross section of the pure Dirac bino 
in Eq. ([IT]) when M^o = M^o. 

We are now ready to calculate the dark matter relic density taken into account effects of 
co-annihilation. We first define 



a., = - (a^o,o + 2a,o,o(l + Af'e-^^ + a,o,o{l + Afe-'^^) , (32) 

i/cff ^ ^ 

where A = (m^o — m^o)/m^o, and 

= 2 + 2(1 + A)3/V^^. (33) 
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The relic density of the hghtest Majorana state is now 



where 



nH^- = i^8-^>'l°-'Q°V" (34) 

Ia + 3h/XF 



oo oo 

/dx f dx 

— a,ft(x), and h = 2xf / -^Ks{x). (35) 

Xf Xf 

,2 



The functions a^g and b^g are the coefficients of a^gV expanded in v 

a,sv = a,s + &efff ^, (36) 
and the freeze-out temperature is solved by the formula similar to Eq. fl20|) 

Xf = In 



with (yf^fj, a^fl, and fe^g now evaluated at the freeze-out temperature. 

It is important to note that the relic density of pseudo-Dirac bino reduces in the pure 
Dirac bino limit correctly. Since the self-annihilation cross sections of Xi and X2 p-wave 
suppressed, we can make the approximation that 

a.,^^a^.,o{l + Af'e-\ (38) 

i/cff 

which is valid as long as the exponential Boltzmann suppression e~^^^ is much larger than 
p-wave suppression of the self annihilation Xp^. (For example, for /x = 500 GeV, tan/? = 5, 
and Xf = 20, we have e~^^^ ~ 0.66 while Xp^ = 0.05, so the approximation is valid.) In the 
Dirac bino limit of A ^ 0, the effective cross section a^gV is half of the annihilation of pure 
Dirac bino in Eq. ( |T71) because of the factor gig2g~s in cr^ftV approaches |, naively leading 
to a relic density that is twice as large as the pure Dirac bino. However, in the case of the 
pure Dirac bino, there is an additional factor of 2 in its relic density to account for both the 
particle and antiparticle, and the relic density of pseudo-Dirac bino approaches that of the 
pure-Dirac bino correctly. 

We can also find the leading dependence of the relic density of the pseudo-Dirac bino on 
the splitting in mass A. For small A (such that e^^^ ^ ^f^)^ where the main annihilation 
mode of the X2 ~ Xi system is the co-annihilation mode, the annihilating cross section is 
suppressed compared to the annihilation in the limit of pure Dirac bino by a factor of 



{a{DD -> ff)v) [! + (! + Ay/^e-^^] 



(1 + |A + 0(A2)), (39) 
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when we expand in A. The rehc density of the pseudo-Dirac bino increases correspond- 
ingly by (taking into account the factor of 2 in the rehc density of pure Dirac bino) 

^ = 1 (e--A) n + (1 + /^,f/2^-.^^^ (1 - f A + (A^)) , (40) 

and we can exphcitly see the rehc density of pseudo-Dirac bino reduces correctly in the pure 
Dirac bino limit (A ^ 0). 

In Figure [21 we plot the relic density of pseudo-Dirac bino as a function of a common 
scalar soft mass Mgusv for several values of A. We see that, even for A = 0.05, the relic 
density of the pseudo-Dirac bino is still less than the Majorana bino by about a factor of 2. 
For A = 0.10, the relic density of the pseudo-Dirac bino is about the same, though slightly 
larger, as that of the MSSM bino. For A = 0.15, the pseudo-Dirac bino relic density is 
larger than that of the MSSM bino by about a factor of 3, signalling the decreasing effects 
of co-annihilation and the weaker interactions between matter and the lighter pseudo-Dirac 
bino state Xi compared to the MSSM bino. 

20 
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12.5 
S 10 
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5 
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300 400 500 600 700 800 

^^SUSY 

FIG. 2: The dashed lines are those in Figured! The soUd lines, from bottom to top, correspond 
to the reUc densities of the pseudo-Dirac plot for A = 0.01,0.02,0.05,0.10, and 0.15. 




C. Direct detection in the pure Dirac bino limit 

The direct detection experiments [isl [l^ measure recoils of heavy nuclei from interactions 
with dark matter. The recoil energies are of the scale of tens of keV, and the bounds are 
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expressed in terms of elastic cross sections between dark matter and the nucleon. The most 
stringent bounds set by these experiments come from the spin-independent interactions 
between dark matter and the nuclei, and it is only those interactions that we consider for 
the pure Dirac bino. 

To compute the elastic cross section between dark matter and the nucleon, we re-write 
the effective interaction of Eq. (fT6|) as vector and axial- vector interactions 



+ 

where 



a^iD'YPLD')+a^iDYPnD) 



a^iD'^P^D') - a^{DYP^D)\ Q-f^-f'Q, (41) 



-2 

L,R 



(42) 



As vector contributions of the quarks in the nucleus add coherently, we can express the cross 
section between Dirac bino and a nucleus N{Z, A) as 

with 6jv = Zbp + {A - Z)bn, bp = 2bu + bd, bn = bu + 2bd, and 

\ Ml Mr / 



2 



^K. + «^r) = ||^ + ^1- (45) 

The experimental bounds are expressed in the bino-nucleon cross section (T„ that is related 
to the bino-nucleus cross section ctat by 

„ M„(Mi + M;v)Vf 



vcc 



(46) 



™^ Mn (Ml + MnY A^ ■ 
In the simplified case where all the sfermion masses are degenerate with a common mass 



MsusY, for the ^^Ge detector used in CDMS II 



13|, the bino-nucleon cross section is 



on, /500 GeV\^ . 
.:. = (8.6xl0--)(^^) cm'. (47) 

This is well above the upper-bound of 2 x 10~^^ cm^ set by CDMS II for dark matter with 
mass on the order of 100 GeV, and the limit of pure Dirac bino with mass of the scale of 
100 GeV is ruled out as dark matter. 
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D. Direct detection of pseudo-Dirac bino 



As stated in the Introduction, as long as the sphtting between the two states of the pseudo- 
Dirac bino is larger than 10s of keVs, the direct detection experiments are only sensitive 
to the lighter state Xi- Since Xi in our approximation behaves exactly as the MSSM bino 
up to a scaled coupling, the direct detection bounds are similar to the case of the MSSM 
bino. The direct detection rates of the MSSM neutralino has been studied extensively in the 
nte..atu.e 03880. In pa.t.cu.a. be,.g a Majo.ana particle, the. . no .onge. a veeto. 
interaction with the quarks, and the resulting x^'^^ucleon cross section is much smaller. 
Here we will simply state the results from the literature for the direct detection rates for the 
MSSM bino B (for the pseudo-Dirac bino Xv simply make the replacement a/2 ^gy)- 

Our presentation here is mainly based on Reference 5(]. 

The four-fermion effective Lagrangian for the bino B is given by 



9l 



C = '-^{BYl.B) 



F2 _ 



Mi 



Qr 



(48) 



since B'-f^B = 0, there are only axial-vector interactions with the coefficients 



A — 



+ 



y2 



Ql Qr . 



(49) 



The evaluation of the elastic cross section will now require the matrix elements 



(50) 



where is the spin of the nucleon n, and Aq (extracted from 
of nucleon spin carried by quark Q. The experimental values are 



experiments) is the fraction 

2m 



A^ = 0.77, 



-0.38, = -0.09, 



a;: = -0.38, A^ = 0.77, a: 



-0.09. 



(51) 



The elastic cross section is then 



a 



16 ^'oM' 



N 



J+1 



7T (M2 + M^y J 



(5,)5^(AQA^Q) + (^„)5^(AgA- 



(52) 



Xi ^ ' ' \ u,d,s u,d,s 

where J is the spin of the nucleus, {Sp^n) = {N\Sp^n\N) are the expectation values of the 
spin content of the proton and neutron groups in the nucleus, respectively. Their values 
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values {Sp^n) for '''^Ge are given by the shell model as [25 1 



{Sp)a. = +0.011, {Sn)a. = -0.491. (53) 

For ''^Ge (J = |), M^o = 75 GeV, and a common squark mass of Msusy, the spin- 
dependent cross section is then 

in-42/500 GeVy 



a'\ , = 1.0 X 10"^^ cm^ (54) 

axial- vcc ^ ]\/f ' ^ ' 



'SUSY 

1-38 



which is consistent with the CDMS 11 upper bounds of 1 x 10^ cm . It should be noted, 
however, that Higgsino components of Xi that we ignore here may change the direct detection 
rates significantly. The Higgsinos have scalar interactions with nucleus, which are coherent 
and proportional to the nucleus mass. If Higgsino composition of Xi are significant, the spin- 
independent cross section may overwhelm the spin-dependent cross section. We will leave 
this for future work. 



IV. CONCLUSIONS 



In this paper we have calculated the relic density and direct detection rates for pseudo- 
Dirac bino, which arises naturally as dark matter in supersymmetric models with D-type 
SUSY-breaking. Although we have performed these calculations in some very simple limits, 
our results are nonetheless interesting. For small mass splitting between the two pseudo- 
Dirac bino states (of a few percent in the fractional difference in masses), the relic density 
of pseudo-Dirac bino is closer to WMAP observations compared to the MSSM bino, while 
its direct detection rate is smaller than the MSSM bino by a factor of 4. The reduced relic 
density of the pseudo-Dirac bino implies that there may be less fine-tuning of the D-type 
SUSY-breaking spectra to achieve a dark matter relic density consistent with observations. 

As with the rich phenomenology of the neutralino sector of the MSSM, relaxing any of 
the assumptions of this study can lead to significantly different conclusions. In particular, it 
would be interesting to include annihilation to the gauge and Higgs bosons. Also, the relative 
signs between the various mass parameters can be important, as well as the wino/Higgsino 
mixture of Xi- Iii addition, although qualitatively there may be less fine-tuning to achieve 
observed relic density, it is important to quantify the degree of fine-tuning and compare it 
with the MSSM. We leave these open projects for future work. 
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